Background: It remains controversial whether aprotinin use during cardiac surgery is cardioprotective or detrimental. In contrast, volatile anesthetics may offer cardioprotection perioperatively. Increased nitric oxide, protein kinase C activation, and glycogen synthase kinase 3␤ inhibition play a role in sevoflurane-induced cardioprotection. The authors investigated whether aprotinin affects sevoflurane postconditioning.
APROTININ is an antifibrinolytic serine protease inhibitor that reduces perioperative bleeding and decreases need for blood transfusion. Despite numerous studies, it remains controversial whether the use of aprotinin during cardiac surgery is cardioprotective or detrimental. Several studies found that aprotinin reduced cardiac reperfusion injury by attenuating inflammatory responses. [1] [2] [3] Mouton et al. 4 showed from retrospective analysis that aprotinin seems to be safe in terms of postoperative renal function except in patients taking angiotensin-converting enzyme inhibitor during off-pump cardiac surgery. Another study found that aprotinin did not affect survival after cardiac surgery. 5 However, recent studies by Mangano et al. 6, 7 have questioned the safety of aprotinin in patients undergoing cardiac surgery. Their data suggested that aprotinin use was associated with myocardial, cerebral, and renal adverse events. Other studies suggest that aprotinin increased renal events and mortality when compared with tranexamic acid, which is also used to reduce bleeding during cardiac surgery. 8, 9 Therefore, it remains controversial whether the use of aprotinin during cardiac surgery is beneficial or detrimental.
Volatile anesthetics protect ischemic myocardium in a manner similar to ischemic preconditioning and postconditioning. 10 -14 Increased nitric oxide production, [15] [16] [17] activation of protein kinase C (PKC) 18, 19 and Akt, and inhibition of glycogen synthase kinase 3␤ (GSK3␤) 20 have been implicated as mediators of volatile anesthetic-induced cardioprotection. In contrast, aprotinin has been shown to inhibit nitric oxide synthase (NOS) in rat coronary endothelial cells. 21 Reduction of nitric oxide derived from endothelial NOS could result in platelet activation and thrombosis formation. One study found that aprotinin promoted arterial thrombosis in pigs. 22 These experimental findings are consistent with a clinical report of a higher prevalence of perioperative myocardial infarction and graft thrombosis in cardiopulmonary bypass patients receiving aprotinin. 23 We hypothesized that sevoflurane postconditioning would be abolished by aprotinin. We studied the effect of aprotinin on nitric oxide production and phosphorylation of PKC-␦, PKC-, Akt, and GSK3␤, known mediators of volatile anesthetic postconditioning. A detrimental effect of aprotinin on volatile anesthetic postconditioning would further support the limited use of aprotinin in cardiac surgery.
Materials and Methods
This study was conducted in accordance with the Guidelines for Animals Research at Osaka Dental University and with the approval of the Animal Experiment Committee of Osaka Dental University, Osaka, Japan. These guidelines conform to those laid out in the Guide for the Care and Use of Laboratory Animals, available from the National Academy of Science. Male Hartley guinea pigs were fed Lab Diet (RC4; Oriental Yeast, Tokyo, Japan) and given water ad libitum. Aprotinin (10,000 kallikrein inhibitor units [KIU]/ml) was purchased from MP Biomedicals, LLC (Solon, OH).
Isolated Heart Perfusion and Measurement of Function
Male guinea pigs weighing 650 -700 g (12-13 weeks old) were given heparin (1,000 units intraperitoneally) and then anesthetized with pentobarbital (60 mg/kg intraperitoneally). Hearts were excised and immediately arrested in cold iso-osmotic saline containing 20 mM KCl. The aorta was cannulated, and the isolated hearts were perfused at 70 mmHg on a nonrecirculating isovolumic perfused heart apparatus, using a Krebs-Henseleit perfusate: 118 mM NaCl, 4.0 mM KCl, 2.52 mM CaCl 2 , 24.8 mM NaHCO 3 , 1.7 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 11.0 mM glucose, 0.5 mM EDTA, and 8 units/l insulin. The perfusate was insufflated continuously with 95% O 2 -5% CO 2 (pH, 7.42 Ϯ 0.04; partial pressure of oxygen, 521 Ϯ 12 mmHg; partial pressure of carbon dioxide, 38.6 Ϯ 1.2 mmHg) and was filtered through cellulose acetate membranes with a pore size of 4.0 m to remove particulate matter. Hearts were paced at 240 beats/min using platinum-tipped electrodes connected to a Grass Instruments SD-5 stimulus generator (Grass Instruments, Quincy, MA). Left ventricular developed pressure (LVDP; mmHg) was measured using a 2.5-French, high-fidelity micromanometer (Nihon-Kohden, Tokyo, Japan) passed into a compliant latex balloon, inserted into the left ventricle, and recorded on a PowerLab 2/20 Data Recording System (ADInstruments, Hayward, Australia). The balloon was connected to a Y-adapter with one end used to advance the micromanometer and the other used to fill the left ventricular balloon with bubble-free water to an enddiastolic pressure (LVEDP) of 10 mmHg. The maximum rate of increase of left ventricular pressure (dP/dt max ) and the minimum rate of decrease of left ventricular pressure (dP/dt min ) were calculated using Chart 5 (ADInstruments). Coronary flow was measured by collecting effluent and was normalized to heart weight (ml ⅐ min Ϫ1 ⅐ g Ϫ1 ). Global ischemia was achieved by clamping the aortic inflow line. During ischemia, hearts were maintained at 37°C by enclosure in a water-jacketed air chamber. Warmed perfusate kept in the lower part of the chamber saturated the air with humidity and prevented cooling by evaporation. Heart temperature was continuously monitored by a digital thermometer (PTW-100A; Unique Medical, Tokyo, Japan).
Experimental Protocol
Animals were assigned to one of six groups (n ϭ 8; fig.  1 ). After a 20-min equilibration, baseline LVDP, LVEDP, and coronary flow were recorded, and then isolated hearts were subjected to 30 min of global ischemia and 120 min of reperfusion (control [CTL]). Anesthetic postconditioning was elicited by administration of sevoflurane (2%; 1 minimum alveolar concentration [MAC]) for 2 min upon reperfusion (POST). To investigate the effects of aprotinin on sevoflurane postconditioning, aprotinin (250 KIU/ml) was administered for 5 min at the onset of reperfusion in POST (POST ϩ APRO) and CTL (CTL ϩ APRO) groups. To more fully mimic the clinical In SEVO ؉ APRO (throughout), both sevoflurane (2%) and aprotinin were given before ischemia and throughout the ischemia-reperfusion periods. Tissue samples were obtained at 10 min after reperfusion. Nitric oxide measurements were performed for the first 30 min after reperfusion. L-NAME ‫؍‬ N-nitro-L-arginine methylester.
setting, additional experiments were performed in which both sevoflurane and aprotinin were given before ischemia and throughout the ischemia-reperfusion periods (n ϭ 4; SEVO ϩ APRO (throughout)). In another set of experiments, the nonselective NOS inhibitor N-nitro-L-arginine methylester (L-NAME; 100 M; Sigma, St. Louis, MO) was administered during early reperfusion in POST to confirm that nitric oxide production was blocked (n ϭ 4; POST ϩ L-NAME). Sevoflurane was insufflated by passing the 95% O 2 -5% CO 2 gas mixture through a calibrated vaporizer (ACOMA, Tokyo, Japan). Samples of coronary perfusate were collected anaerobically from the aortic cannula for measurement of sevoflurane concentration by an organic vapor sensor (O.S.P. Inc., Saitama, Japan). We performed experiments in the following order: first a CTL, followed by POST, POST ϩ APRO, CTL ϩ APRO, and so forth until the first series of experiments were completed. This sequence was repeated a total of eight times.
Determination of Myocardial Infarct Size
At the end of experiments, the hearts were quickly frozen at Ϫ80°C for 15 min and then sliced into 2-mmthick transverse sections from apex to base (6 slices/ heart). After removing the right ventricle and defrosting, each slice was weighed and incubated at 37°C with 1% triphenyltetrazolium chloride (Sigma Chemicals) in phosphate buffer (pH 7.4) for 10 min and then fixed in 10% formalin for at least 5 h to distinguish red-stained viable tissue from pale, unstained necrotic tissue. 24 Each slice was photographed, and the necrotic area was determined using Adobe Photoshop CS (Adobe, San Jose, CA), multiplied by the weight of the slice and then expressed as a fraction of left ventricle.
Western Blot Analysis
Separate experiments were performed (n ϭ 4 in each group) to examine phospho-PKC-␦, PKC-, phospho-Akt, and phospho-GSK3␤ expression. Myocardial tissue samples were collected at 10 min after reperfusion and homogenized in ice-cold homogenizing buffer containing 250 mM sucrose, 20 mM HEPES (pH 7.5), 10 mM KCl, 2 mM EGTA, 2 mM MgCl 2 , 25 mM NaF, 50 mM ␤-glycerophosphate, 1 mM Na 3 VO 4 , 1 mM PMSF, 1% Triton X, and protease inhibitor leupeptin (10 g/ml). The homogenate was centrifuged at 1,000g and 4°C for 5 min. The supernatant was recentrifuged at 10,000g and 4°C for 15 min. The protein concentration was estimated with a Bradford assay. Equivalent amounts (50 g) of protein samples were loaded and separated on a 5-10% SDS-PAGE gradient gel and then electrically transferred overnight to a polyvinylidene difluoride membrane (Millipore Co., Billerica, MA). After blocking with 5% skim milk in Tris-buffered saline containing 0.1% Tween-20, the membranes were incubated for 2 h or overnight at 4°C in 0.1% Tween-20 containing 5% milk and a 1:200 -1,000 dilution of rabbit primary antibody for phospho-PKC-␦ (Ser643; Cell Signaling Technology, Boston, MA), phospho-PKC-(Ser729; Upstate, Lake Placid, NY), phospho-Akt (Ser473; Cell Signaling Technology), and phospho-GSK3␤ (Ser9; Cell Signaling Technology). Membranes were incubated with a 1:1,000 dilution of horseradish peroxidase-labeled anti-rabbit immunoglobulin G (NA 934V; GE Healthcare, Buckinghamshire, United Kingdom). The same blot was stripped and reblotted with antibodies to ␣-tubulin, total PKC-␦, total PKC-, total Akt (C-20, C-15, H-136; Santa Cruz Biotechnology, Santa Cruz, CA), and total GSK3␤ (27C10; Cell Signaling Technology) to confirm equal protein loading. Bound antibody signals were detected with enhanced chemiluminescence (Pierce Biotechnology, Rockford, IL) and visualized using a VersaDoc 5000 Imaging System (Bio-Rad, Hercules, CA). Quantitative analysis of the band densities was performed by Quantity One software (Bio-Rad), and the results are presented as the ratio of phospho-PKC-␦, phospho-PKC-, phospho-Akt, and phospho-GSK3␤ to total (including nonphosphorylated and phosphorylated protein) PKC-␦, total PKC-, total Akt, and total GSK3␤, respectively. The average light intensity was multiplied by 10 to facilitate presentation of an x-fold increase.
Measurements of Nitric Oxide Released from Coronary Effluent
Nitric oxide released from the coronary effluent during the 30 min after the onset of reperfusion was measured with an inNO-T nitric oxide sensor (Innovative Instruments, Inc., Tampa, FL). The inNO-T system includes a current monitor and data acquisition software with a temperature compensation function. 25 Before nitric oxide measurements, the nitric oxide sensor was calibrated as follows: The nitric oxide sensor was immersed in a vial containing 20 ml of 0.1 M H 2 SO 4 ϩ KI solution; the solution was stirred until a stable baseline was obtained; 20, 40, and 80 l of 100 M NaNO 2 standard solution (Innovative Instruments) were added into the vial, resulting in a saturated nitric oxide solution for each NaNO 2 standard solution; nitric oxide was derived from the following chemical formula: 2 KNO 2 ϩ 2 KI ϩ 2 H 2 SO 4 ¡ 2 NO ϩ I 2 ϩ 2 H 2 O ϩ 2 K 2 SO 4 ; a standard currentnitric oxide curve (pA/nM) was made; and obtained pA data during reperfusion were converted to nitric oxide content. During measurements, the nitric oxide sensor was placed at the bottom of heart chamber where effluent collected. Because nitric oxide produced after reperfusion is quickly converted to NO X by oxygen, nitrogen gas was delivered into the heart chamber to produce an oxygen-free condition. Oxygen content in the chamber was monitored with an oxygen sensor (XO-326ALB; New Cosmos Electric Co., Ltd., Osaka, Japan). During measurement of nitric oxide, oxygen in heart chamber was not significantly detectable.
Statistical Analysis
All data are expressed as mean Ϯ SD. Power analysis demonstrated that a sample size of eight hearts per group was required to detect a 35% difference (SD of Ϯ9%) in infarct size with a power of 80% and a two-tailed ␣ of 0.05. Hemodynamic data were tested for normal distribution and subsequently analyzed by a two-factor repeated-measures analysis of variance for time and treatment. If an overall difference between the variables was observed, comparisons were performed as one-way analysis of variance followed by Tukey post hoc test for intergroup differences and by Dunnett test for intragroup differences with baseline values as the reference time point. Analysis of infarct size and Western blot was performed using one-way analysis of variance followed by Student t test with Bonferroni correction for multiple comparisons to avoid a type 1 error. For changes within and between groups, a two-tailed P value less than 0.05 was considered significant in advance (SPSS17 for Windows; SPSS Japan, Tokyo, Japan).
Results
Of a total of 44 infarct size experiments, six hearts were not used secondary to intractable ventricular fibrillation after reperfusion (three in CTL, two in CTL ϩ APRO, and one in POST ϩ APRO) and two hearts were not used because of aortic rupture. If a heart was discarded because of aortic rupture or intractable ventricular fibrillation, an additional heart was studied until each group had n ϭ 8 successful experiments (except SEVO ϩ APRO (throughout) and POST ϩ L-NAME when n ϭ 4). Thirty-six hearts (n ϭ 4 for each group) were used for Western blot analysis and nitric oxide measurement. The concentration of sevoflurane in the perfusate collected during the first 2 min of reperfusion was 0.35 Ϯ 0.07 mM. Sevoflurane was not detected in the effluent during the baseline and ischemic period or after discontinuation of sevoflurane during reperfusion. The heart (left ventricle) weights were not different among the groups (CTL: 1.62 Ϯ 0.35 g, CTL ϩ APRO: 1.48 Ϯ 0.30 g, POST: 1.37 Ϯ 0.10 g, POST ϩ APRO: 1.21 Ϯ 0.20 g, SEVO ϩ APRO (throughout): 1.31 Ϯ 0.12 g).
Hemodynamics
Baseline LVDP, dP/dt max , dP/dt min , and coronary flow were similar among the four groups (table 1). Recovery of LVDP was greater in POST compared with CTL throughout the reperfusion period (56 Ϯ 11 vs. 26 Ϯ 8 mmHg, P Ͻ 0.05 at 120 min of reperfusion). Recovery of LVDP in POST hearts was abolished by administration of aprotinin (POST ϩ APRO: 37 Ϯ 10 mmHg). Treatment with aprotinin alone did not affect the recovery of LVDP (CTL ϩ APRO: 35 Ϯ 11 mmHg). LVEDP increased significantly compared with baseline in CTL after ischemia-reperfusion. The increase in LVEDP was significantly less in POST compared with CTL hearts during the reperfusion period (20 Ϯ 9 vs. 47 Ϯ 15 mmHg, P Ͻ 0.05 at 120 min of reperfusion). LVEDP in CTLϩAPRO was similar to that of CTL hearts (42 Ϯ 10 mmHg).
All groups had reduced dP/dt max after reperfusion compared with baseline. Recovery of dP/dt min was significantly greater in POST compared with CTL hearts, but not in aprotinin-treated hearts. Changes of dP/dt min during the reperfusion period were similar to those of dP/dt max .
There was no significant difference in coronary flow among all groups throughout the experiment. This suggests that changes in coronary flow could not account for the improved contractile recovery of POST hearts (table 1).
Myocardial Infarct Size
As shown in figure 2, myocardial infarct size in the POST group was significantly reduced by approximately 60% compared with control hearts (POST: 15 Ϯ 3% vs. CTL: 41 Ϯ 10%, P Ͻ 0.001). Myocardial infarct size in the hearts in the POST group treated with aprotinin did not differ compared with CTL hearts (POST ϩ APRO: 34 Ϯ 9%, P ϭ 0.25; SEVO ϩ APRO (throughout): 38 Ϯ 10%, P ϭ 0.78 vs. CTL, respectively), suggesting that aprotinin abolished the infarct size-limiting effect of postconditioning. Treatment with aprotinin alone did not affect the infarct size compared with the CTL group (P ϭ 0.67 vs. CTL).
Western Blot Analysis
The phosphorylation state of PKC-␦, PKC-, GSK3␤, and upstream Akt at 10 min after reperfusion is illustrated by a representative Western blot in figures 3 and 4. Total PKC-␦, PKC-, Akt, and GSK3␤ were comparable in all samples. The ratio of phospho-PKC-␦ to total PKC-␦, phospho-Akt to total Akt, and phospho-GSK3␤ to total GSK3␤ was significantly increased in POST compared with CTL (figs. 3 and 4). This increase was not caused by unequal loading of the Western blot, as shown by the detection of ␣-tubulin. Administration of aprotinin upon reperfusion abolished this increased expressions of phospho-PKC-␦, phospho-Akt, and phospho-GSK3␤ in the POST ϩ APRO group. There was no significant difference in expression of phospho-PKCamong groups.
Nitric Oxide Released from Coronary Effluent
There was no significant difference in nitric oxide concentration among groups during the baseline period. As shown in figure 5, nitric oxide concentration in POST was higher than in other groups at 20 and 30 min of reperfusion. This was abolished by aprotinin administration in the POST ϩ APRO group. Similarly, the nonselective NOS inhibitor L-NAME (100 M) blocked increased nitric oxide in the POST ϩ L-NAME group.
Discussion
The current study provides novel data demonstrating that aprotinin abolishes cardioprotection by sevoflurane postconditioning. Further, this detrimental effect is potentially mediated by inhibition of nitric oxide production and phosphorylation of PKC-␦, Akt, and GSK3␤, previously shown to play a role in postconditioning cardioprotection by volatile anesthetics. 26, 27 Postconditioning is a potent strategy of myocardial protection. 14 Sevoflurane (1 MAC) given for the first 2 min of postischemic reperfusion was shown to effect cardioprotection in an in vivo rat heart model. 28 In the current in vitro study, this postconditioning cardioprotection by a volatile anesthetic was abolished by administration of aprotinin. This finding suggests that aprotinin use is not beneficial for salvaging ischemic myocardium.
Aprotinin is a naturally occurring serine protease inhibitor isolated from bovine lung which inhibits kallikrein and plasmin, and is used to reduce blood loss and the need for perioperative blood transfusion. Although it is well established that aprotinin reduces blood loss during cardiac surgery, reports suggest that aprotinin exacerbates ischemic myocardial damage and attenuates the protective effects afforded by ischemic preconditioning in in vivo sheep hearts. 29 Confusing the issue, aprotinin has been shown to reduce myocardial reperfusion injury after regional ischemia and cardioplegic arrest in pigs. 2 Furthermore, a recent study by Carter et al. 3 suggests that aprotinin reduces reperfusion injury by attenuating apoptosis and polymorphonuclear leukocyte adhesion to coronary endothelium. Therefore, it remains controversial whether aprotinin is protective or detrimental in the setting of cardiac ischemia-reperfusion injury.
Postconditioning with volatile anesthetics may be a potent strategy to salvage ischemic myocardium during cardiac surgery. 14 Among the potential cellular mechanisms responsible for postconditioning cardioprotection, pathway signaling seems to converge on the mitochondria. Opening of mitochondrial adenosine triphosphate-sensitive potassium channels and prevention of mitochondrial permeability transition pore (mPTP) opening are key events in both preconditioning and postconditioning APRO ϭ aprotinin; CF ϭ coronary flow; CTL ϭ control; dP/dt max ϭ maximum rate of increase of left ventricular pressure; dP/dt min ϭ minimum rate of increase of left ventricular pressure; LVDP ϭ left ventricular developed pressure; LVEDP ϭ left ventricular end-diastolic pressure; POST ϭ postconditioning; SEVO ϭ sevoflurane.
cardioprotection. 10, 12, 20, 30 Under physiologic conditions, mPTP is predominantly in a closed state. Calcium overload due to ischemia induces mPTP opening. 31 Postconditioning has been shown to reduce calcium-induced mPTP opening in ischemic myocardium. 32 A recent study suggests that phosphorylation activates Akt and inhibits GSK3␤ during early reperfusion, playing a crucial role in the prevention of mPTP opening in isoflurane postconditioning. 20, 33, 34 In the current study, administration of aprotinin upon reperfusion inhibited phosphorylation of Akt and GSK3␤, associated with a loss of sevoflurane postconditioning cardioprotection. Nitric oxide has been found to play a role in the signal transduction of ischemic and volatile anesthetic postconditioning. 15, 27, 35 Endothelial NOS-derived nitric oxide may inhibit mPTP opening in ischemic postcondition-ing. 36 Endogenous nitric oxide has been shown to contribute to myocardial contractile function after ischemia-reperfusion. 37 One study suggested that aprotinin protects against ischemia-reperfusion injury through inducible NOS-derived nitric oxide. 38 However, a study by Ü lker et al. 39 demonstrated that aprotinin inhibits nitric oxide release from coronary endothelial cells. Although we did not determine which NOS isozyme produced the increased nitric oxide associated with sevoflurane postconditioning during early reperfusion, aprotinin inhibited this increase in nitric oxide, similar to the nonselective NOS inhibitor L-NAME. It has been reported that the functional recovery after postischemic reperfusion is attenuated by administration of L-NAME compared with untreated control hearts. 40 The precise mechanisms by which nitric oxide produces postconditioning by volatile anesthetics remain unclear. Costa et al. 41 demonstrated that nitric oxide opens mitochondrial adenosine triphosphate-sensitive potassium channels in a PKC-dependent mechanism in isolated mitochondria. Although phosphorylation of PKC-was not evident with sevoflurane postconditioning in the current study, phosphorylation of PKC-␦ at serine 643 but not PKC-was shown to be important in transferring the isoflurane preconditioning stimulus to mitochondrial adenosine triphosphate-sensitive potassium channels. 18 In addition, nitric oxide is known to play a role in inhibition of platelet aggregation and adhesion. 42 Clinically, a full dose protocol of aprotinin administration (280-mg intravenous loading, 280-mg pump prime, and 70-mg/h intravenous constant infusion) results in plasma concentration of around 250 KIU/ml 43 and has been shown to have an antiplasmin and antikallikrein effects. 44, 45 The concentration used in the current study is equivalent to this clinical dose. Further, aprotinin at this concentration has been found to selectively inhibit endothelial NOS messenger RNA and protein expression in cultured microvascular endothelial cells. 21 The following study limitations should be acknowledged. First, the experimental protocol used in the current study does not exactly mimic the clinical scenario in which aprotinin and sevoflurane are given before ischemia and throughout the ischemia-reperfusion periods. However, we performed additional experiments administering both sevoflurane and aprotinin before ischemia and throughout the ischemia-reperfusion periods. The results were the same as those when using our protocol where sevoflurane and aprotinin are administered upon reperfusion. We elected to focus on the early postischemic reperfusion period because mPTP opening occurs within 3-10 min after reperfusion, but not before or during ischemia, in buffer-perfused rat hearts. 46 We administered sevoflurane for the first 2 min of postischemic reperfusion because this protocol has been shown to be as effective for postconditioning as 5-or 10-min administration. 28 Further, Obal et al. 47 demonstrated that 1 MAC sevoflurane is sufficient to protect against myocardial reperfusion injury, and increasing the sevoflurane concentration above 1 MAC resulted in no further protection. We did not study higher concentrations of sevoflurane to determine whether the loss of postconditioning protection by aprotinin could be overcome. Although this could prove to be the case, we studied a clinically relevant dose of sevoflurane to mimic the clinical setting. A second limitation to be acknowledged is that, with a crystalloid-perfused heart model, leukocyte-endothelial cell adhesive interactions are not a factor. Therefore, the current study could not address potential antiinflammatory effects of aprotinin against ischemia reperfusion injury. Conversely, we were able to assess the effects of aprotinin directly on the myocardium and vasculature. Third, we demonstrated that aprotinin inhibited sevoflurane postconditioning, which was associated with decreased nitric oxide production and increased phosphorylation of PKC-␦, Akt, and GSK3␤ during early reperfusion. Nevertheless, the possibility that aprotinin directly inhibited other protein kinases or mediators involved in the postconditioning signaling cascade cannot be ruled out. Fourth, when measuring nitric oxide, dissolved oxygen in the Krebs-Henseleit perfusate can affect the obtained current. However, it has been demonstrated that the sensor has high selectivity to nitric oxide compared with dissolved oxygen (over 25,000 times). 25 In summary, aprotinin abolishes sevoflurane postconditioning. This loss of cardioprotection is associated with inhibited nitric oxide production, and phosphorylation of PKC-␦, Akt, and GSK3␤, known mediators of volatile anesthetic postconditioning. Future research will be needed to determine whether this detrimental effect of aprotinin on volatile anesthetic postconditioning contributes to the adverse events associated with aprotinin during cardiac surgery.
